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Description 



LOW VOLTAGE CURRENT REFERENCE 

CIRCUITS 

Background of Invention 
[0001] FIELD OF THE INVENTION 

[0002] The present invention relates generally to current refer- 
ence circuits, and more particularly to current reference 
circuits that operate at low voltages. 

[0003] BACKGROUND OF THE INVENTION 

[0004] As complementary metal-oxide-semiconductor (CMOS) 
technology evolves to lower supply voltages, reference 
circuits, such as current sources, are required to operate 
at the lower supply voltages. However, conventional refer- 
ence circuits (e.g., bandgap generators) typically have 
poor characteristics or fail to operate at low supply volt- 
ages. For example, a conventional bandgap generator 
having four levels of stacking (e.g., four components be- 
tween a supply rail and ground), exhibits poor perfor- 



mance when a power supply voltage of about 1.5 volts or 
lower is employed. 
[0005] FIG. 1 is a schematic diagram of a first conventional cur- 
rent reference circuit 100 that employs four levels of 
stacking. With reference to FIG. 1, the reference circuit 
100 includes a first p-channel metal-ox- 
ide-semiconductor field effect transistor (PFET) 102, a 
second PFET 104, a first n-channel metal-ox- 
ide-semiconductor field effect transistor (NFET) 106, a 
second NFET 108, a resistor 110, a first diode 112 and a 
second diode 114. A source of the first PFET 102 and a 
source of the second PFET 104 are coupled to a rail volt- 
age (V ). A drain of the first PFET 102 and a drain of the 

DD 

first NFET 106 are coupled together and to a gate of the 
first NFET 106 and to a gate of the second NFET 108. A 
drain of the second PFET 104 and a drain of the second 
NFET 108 are coupled together and to a gate of the first 
PFET 102 and to a gate of the second PFET 104. A source 
of the first NFET 106 is coupled to ground via the first 
diode 112, and a source of the second NFET 108 is cou- 
pled to ground via the resistor 110 and the second diode 
114. The first and second diodes 112, 114 are selected so 
as to have areas that differ by a factor of n. 



[0006] As is known in the art, the feedback loop formed by the 

PFETs 102, 104 and the second NFETs 106, 108 forces the 
first diode 112 and the second diode 114 to operate at 
the same bias current. Accordingly, the reference circuit 
100 may serve as a constant current source having an 
output current (e.g., through the second NFET 108) re- 
lated to the ratio of the areas of the first and second 
diodes 112, 114 (e.g., an output current related to a natu- 
ral log of the factor n). While suitable for supply voltages 
in excess of about 1.5 volts, the four levels of stacking of 
the reference circuit 100 are not suitable for use at lower 
voltages (e.g., as a voltage lower than about 1.5 volts is 
insufficient to properly bias the transistors and diodes of 
the reference circuit 100). 

[0007] FIG. 2 is a schematic diagram of a second conventional 
current reference circuit 200 that employs three levels of 
stacking. The second current reference circuit 200 is simi- 
lar to the first current reference circuit 100 of FIG. 1, but 
does not employ the first and second diodes 112, 114. In 
the reference circuit 200 of FIG. 2, the feedback loop 
formed by the PFETs 102, 104 and the NFETs 106, 108 
forces the current through the first and second NFETs 
106, 108 to be equal and proportional to the difference 



between the threshold voltages (V th ) of the first NFET 106 
and the second NFET 108 (e.g., I = (V -V )/R). 

3 OUT THNl THN2 

While suitable for use with low supply voltages (e.g., due 
to only three levels of stacking), the current reference cir- 
cuit 200 requires the use of transistors having multiple 
threshold voltages (e.g., requiring multiple and precise 
implant doses during device manufacture, and increasing 
manufacturing time and cost). 
[0008] FIG. 3 is a schematic diagram of a third conventional cur- 
rent reference circuit 300 that also employs three levels of 
stacking. The third current reference circuit 300 is similar 
to the second current reference circuit 200 of FIG. 2, but 
employs NFETs implemented using p-well technology 
(e.g., the first and the second NFETs 106, 108 employ 
body contacts). The same channel length is employed for 
each of the first and second NFETs 106, 108, but differing 
channel widths are used (e.g., creating a resistance differ- 
ential between the first and second NFETs 106, 108 that 
behaves similarly to the resistor 110 of the first conven- 
tional reference circuit 100 of FIG. 1). The body contacts 
of both the first and the second NFETs 106, 108 are 
grounded. Additionally, a resistor 116 is coupled between 
the source of the first NFET 106 and ground. 



[0009] | n t he reference circuit 300 of FIG. 3, the feedback loop 
formed by the PFETs 102, 104 and the NFETs 106, 108 
forces the current through the first and second NFETs 
106, 108 to be equal and proportional to the difference 
between the threshold voltages (V ) of the first NFET 106 
and the second NFET 108 (e.g., I = (V -V )/R). 

3 OUT THN1 THN2 

The voltage drop across the resistor 116 produces an 
equivalent voltage drop across the body-source regions of 
the first NFET 106 so as to increase the threshold voltage 
of the first NFET 106. While suitable for use at low supply 
voltages (e.g., due to only three levels of stacking), the 
current reference circuit 300 requires the use of p-well 
technology (increasing manufacturing time and cost). 
[0010] Accordingly, a need exists for improved methods and ap- 
paratus for generating a current reference when low sup- 
ply voltages are employed. 
Summary of Invention 

[001 1] | n a fj rs t aspect of the invention, a first current reference 
circuit is provided that includes (1) a first n-channel field 
effect transistor (NFET) having a gate and a drain that are 
coupled together; and (2) a second NFET having a floating 
body. 

[0012] ^ a second aspect of the invention, a second current ref- 



erence circuit is provided that includes (1) a first n- 
channel field effect transistor (NFET) having a gate and a 
drain that are coupled together; and (2) a second NFET 
having a floating body. In the second current reference 
circuit, the first and second NFETs are configured so as to 
generate a reference current at a supply voltage of not 
more than about 0.5 volts. Numerous other aspects are 
provided, as are methods in accordance with these and 
other aspects of the invention. 
[0013] other features and aspects of the present invention will 
become more fully apparent from the following detailed 
description, the appended claims and the accompanying 

drawings. 
Brief Description of Drawings 

[0014] FIG. 1 is a schematic diagram of a first conventional cur- 
rent reference circuit that employs four levels of stacking. 

[0015] FIG. 2 is a schematic diagram of a second conventional 
current reference circuit that employs three levels of 
stacking. 

[0016] FIG. 3 is a schematic diagram of a third conventional cur- 
rent reference circuit that also employs three levels of 
stacking. 

[0017] FIG. 4 is a schematic diagram of a first current reference 



circuit provided in accordance with the present invention. 
[0018] FIG. 5 is a graph of body-source current (I ) and drain- 

BS 

body current (l Dg ) versus voltage for an NFET of the cur- 
rent reference circuit of FIG. 4 during operation of the 
current reference circuit. 
[0019] FIG. 6 is a schematic diagram of an alternative current ref- 
erence circuit provided in accordance with the present in- 
vention. 
Detailed Description 

[0020] FIG. 4 is a schematic diagram of a first current reference 
circuit 400 provided in accordance with the present inven- 
tion. The inventive current reference circuit 400 is similar 
to the second current reference circuit 200 of FIG. 2, but 
employs silicon-on-insulator NFETs for the first and sec- 
ond NFETs 106, 108. Specifically, a body of the first NFET 
106 is grounded and a body of the second NFET 108 is 
left floating (as shown). 

[0021] T he feedback loop formed by the PFETs 102, 104 and the 
second NFETs 106, 108 forces the current through the 
first and second NFETs 106, 108 to be equal and propor- 
tional to the difference between the threshold voltages (V 
) of the first NFET 106 and the second NFET 108 (e.g., I 

TH 3 OUT 

= (V -V )/R). However, with the body contact of the 

THNl THN2 1 



second NFET 108 left floating, the threshold voltage of the 
second NFET 108 results from the floating-body behavior 
of the second NFET 108 as described below with reference 
to FIG. 5. 

[0022] FIG. 5 is a graph of body-source current (I ) and drain- 

BS 

body current (I ) for the second NFET 108 during opera- 

DB 

tion of the current reference circuit 400. As shown in FIG. 
5, the drain-body junction of the second NFET 108 is re- 
versed biased (resulting in a relatively constant reverse 
leakage current I ), while the body-source junction of the 

DB 

second NFET 108 is forward biased (resulting in a forward 
diode current I ). The body-source voltage (V ) that de- 

BS BS 

termines the threshold voltage for the second NFET 108 is 
the equilibrium point at which the reverse junction current 
from drain-to-body (l Dg ) equals the forward bias current 
from body-to-source (I ) as indicated by reference nu- 

BS 

meral 502 in FIG. 5. Because the body-source voltage is 
positive, the threshold voltage of the second NFET 108 is 
lowered. A reference current thereby may be generated as 
described above (e.g., through the second NFET 108). 
[0023] The present inventor has found that the current reference 
circuit 400 provides an efficient current reference and 
high power supply rejection down to about 0.5 volts, and 



is employable with SOI CMOS technologies in which multi- 
ple threshold voltage devices are not offered. By employ- 
ing identical channel implants for the NFETs 106, 108, a 
constant threshold voltage offset and improved threshold 
voltage tracking may be provided. 
[0024] The foregoing description discloses only exemplary em- 
bodiments of the invention. Modifications of the above 
disclosed apparatus and method which fall within the 
scope of the invention will be readily apparent to those of 
ordinary skill in the art. For instance, while the present in- 
vention as been described primarily with reference to SOI 
devices, it will be understood that other transistors having 
body contacts also may be employed (e.g., p-well transis- 
tors). 

[0025] while well suited for low voltage current reference circuits, 
the present invention also may be employed within cur- 
rent reference circuits that employ greater than 3 levels of 
stacking. For example, FIG. 6 is a second inventive current 
reference circuit 600 for providing multiple reference 
voltages. The second inventive current reference circuit 
600 is similar to the first inventive current reference cir- 
cuit 400 of FIG. 4, but employs an extra set of PFETs 
602a, 602b and NFETs 604a, 604b coupled between the 



first and second PFETs 102, 104 and the first and second 
NFETs 106, 108 (as shown). As with the first inventive 
current reference circuit 400, silicon-on-insulator NFETs 
are employed for the first and second NFETs 106, 108. 
Specifically, a body of the first NFET 106 is grounded and 
a body of the second NFET 108 is left floating (as shown). 
Such higher stacking provides for multiple reference volt- 
ages (e.g., at a first node 606 and a second node 608 in 
FIG. 6); and higher supply voltages may be employed (e.g., 
about 3.3. volts or greater). Higher levels of stacking also 
may be employed. 
[0026] Accordingly, while the present invention has been dis- 
closed in connection with exemplary embodiments 
thereof, it should be understood that other embodiments 
may fall within the spirit and scope of the invention, as 
defined by the following claims. 



